Context. We have performed a spectral line survey called EMoCA toward Sagittarius B2(N) between 84.0 and 114.4 GHz with the Atacama Large Millimeter/submillimeter Array (ALMA) in its Cycles 0 and 1. Line intensities of the main isotopic species of ethyl cyanide and its singly 13 C-substituted isotopomers observed toward the hot molecular core Sagittarius B2(N2) suggest that the doubly 13 C-substituted isotopomers should be detectable also. Aims. We want to determine the spectroscopic parameters of all three doubly 13 C-substituted isotopologues of ethyl cyanide to search for them in our ALMA data. Methods. We investigated the laboratory rotational spectra of the three species between 150 GHz and 990 GHz. We searched for emission lines produced by these species in the ALMA spectrum of Sagittarius B2(N2). We modeled their emission as well as the emission of the 12 C and singly 13 C-substituted isotopologues assuming local thermodynamic equilibrium. Results. We identified more than 5000 rotational transitions, pertaining to more than 3500 different transition frequencies, in the laboratory for each of the three isotopomers. The quantum numbers reach J ≈ 115 and K a ≈ 35, resulting in accurate spectroscopic parameters and accurate rest frequency calculations beyond 1000 GHz for strong to moderately weak transitions of either isotopomer. All three species are unambiguously detected in our ALMA data. The 12 C/ 13 C column density ratio of the isotopomers with one 13 C atom to the ones with two 13 C atoms is about 25. Conclusions. Ethyl cyanide is the second molecule after methyl cyanide for which isotopologues containing two 13 C atoms have been securely detected in the interstellar medium. The model of our ethyl cyanide data suggests that we should be able to detect vibrational satellites of the main species up to at least 19 = 1 at ∼1130 K and up to 13 + 21 = 2 at ∼600 K for the isotopologues with one 13 C atom in our present ALMA data. Such satellites may be too weak to be identified unambiguously for isotopologues with two 13 C atoms.
Introduction
Investigations of the warm (100−200 K) and dense parts of high mass star-forming regions known as "hot cores" (or "hot corinos" for their low mass star analogs) have unveiled a wealth of complex molecules. These are saturated or nearly saturated organic molecules for the most part, reaching thus far up to 12 atoms (Belloche et al. 2014) . Most of these molecules have been detected toward Sagittarius B2 (Sgr B2 for short). The Sgr B2 molecular cloud complex is one of the most prominent starforming regions in our Galaxy. It is located close to the Galactic centre and contains two major sites of high-mass star formation, Sgr B2(M) and (N). Sgr B2(N) has a greater variety of complex organic molecules than Sgr B2(M). It contains two dense, compact hot cores which are separated by about 5 ′′ in the north-south direction Qin et al. 2011; Belloche et al. 2016) . The more prominent one is Sgr B2(N1), also known as the Large Molecule Heimat, and Sgr B2(N2) is to the north of it.
We used the Atacama Large Millimeter/submillimeter Array (ALMA) in its Cycles 0 and 1 to perform a spectral line survey of Sagittarius B2(N) between 84.0 and 114.4 GHz. This survey is called Exploring Molecular Complexity with ALMA (EMoCA). The high angular resolution (∼1.5-1.8 ′′ ) achieved in the survey allows us to separate the emission of the two hot cores and reveals that Sgr B2(N2) has relatively narrow linewidths (∼5 km s −1 ), which reduces the line confusion compared to previous single-dish surveys of Sgr B2(N). Therefore, our analysis has been focused on this source so far. One of the first results of EMoCA has been the first detection in space of a branched alkyl molecule, iso-propyl cyanide, which is found to be nearly as abundant as its straight-chain isomer n-propyl cyanide (Belloche et al. 2014) . The laboratory spectroscopic investigation on iso-propyl cyanide (Müller et al. 2011 ) was an obvious prerequisite. The decrease in line confusion, however, was important also because this molecule was not detected in our previous single-dish survey of Sgr B2(N) (Belloche et al. 2013; Müller et al. 2011 ).
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The lighter ethyl cyanide, C 2 H 5 CN, also known as propionitrile, is considerably more prominent than either iso-or n-propyl cyanide in our ALMA survey. In fact, lines of the three isotopomers with one 13 C atom are so strong that we expected to be able to detect those of the three isotopomers with two 13 C atoms. The parent isotopic species was detected in the Orion Molecular Cloud and in Sgr B2 (Johnson et al. 1977) soon after the even lighter methyl cyanide was detected (Solomon et al. 1971) . The molecule was also detected in the hot corinos of low-mass protostars such as IRAS 16293-2422, NGC 1333-IRAS 2A, and NGC 1333-IRAS 4A (Cazaux et al. 2003; Taquet et al. 2015) . Rotational transitions within the two lowest-lying vibrational states were detected in G327.3−0.6 (Gibb et al. 2000) and Sgr B2(N) (Mehringer et al. 2004 ). Transitions of even higher excited states were detected in the highmass star forming regions Orion KL and Sgr B2(N) (Daly et al. 2013; Belloche et al. 2013) . Its 13 C isotopomers were detected first in Orion IRc2 (Demyk et al. 2007 ) and soon thereafter in Sgr B2(N) (Müller et al. 2008) . Margulès et al. (2009) reported the detection of C 2 H 5 C 15 N in Orion IRc2. The rotational spectrum of the parent isotopic species has been studied extensively in its ground vibrational state. The recent work by Brauer et al. (2009) extended the data to 1.6 THz. Information is also available on some low-lying vibrational states (Daly et al. 2013) . The ground vibrational states of all singly substituted ethyl cyanide species were studied rather extensively, in particular the ones with 13 C (Demyk et al. 2007; Richard et al. 2012 ), but also the ones with D and 15 N (Margulès et al. 2009) .
No data are available for C 2 H 5 CN isotopomers with two 13 C atoms. Therefore, we prepared ethyl cyanide samples highly enriched in 13 C at two positions, recorded its rotational spectra up to 1 THz and searched for it in our ALMA data toward Sgr B2(N2). Details about the laboratory experiments and the astronomical observations are given in Sect. 2. Section 3 presents the results of the laboratory spectroscopy and the analysis of the astronomical spectra. These results are discussed in Sect. 4 and the conclusions are given in Sect. 5.
Experimental details

Synthesis
Into a three-necked flask equipped with a stirring bar, a reflux condenser, and a nitrogen inlet, were introduced triethylene glycol (20 mL), potassium cyanide (0.7 g, 10.7 mmol), and iodoethane-13 C 2 (1 g, 6.4 mmol). The mixture was heated to 110
• C and stirred at this temperature for one hour. After cooling to room temperature, the flask was fitted on a vacuum line equipped with two U-tubes. The high boiling compounds were condensed in the first trap cooled at −30
• C and propanenitrile-2,3-13 C 2 ( 13 CH 3 13 CH 2 CN) was selectively condensed in the second trap cooled at −90
• C. The reaction was performed starting from stoichiometric amounts of 1-iodoethane 13 C and K 13 CN to prepare propanenitrile-1,2-13 C 2 (CH 3 13 CH 2 13 CN), and starting from 2-iodoethane 13 C and K 13 CN to prepare propanenitrile-1,3-13 C 2 ( 13 CH 3 CH 2 13 CN). The nuclear magnetic resonance data (NMR) of the three isotopologues is given in Appendix A.
Lille -submillimeter spectra
The measurements in the frequency range under investigation (150−990 GHz) were performed using the Lille spectrometer (Alekseev et al. 2012) . A quasi-optic dielectric hollow waveguide of 3 m length containing investigated gas at the required pressure was used as the sample cell in the spectrometer. The measurements were done at typical pressures of 10 Pa and at room temperature. The frequency ranges 150−330, 400−660, and 780−990 GHz were covered with various active and passive frequency multipliers from VDI Inc. and an Agilent synthesizer (12.5−18.25 GHz) was used as the source of radiation. Estimated uncertainties for measured line frequencies are 30 kHz and 50 kHz depending on the observed S/N and the frequency range.
Observations
Part of the observations used in this article have been briefly described in Belloche et al. (2014 
Results
Laboratory spectroscopy
Ethyl cyanide is an asymmetric top rotor with κ = (2B − A − C)/(A−C) = −0.9591 for the parent isotopic species, quite close to the prolate limit of −1. The cyano group causes a large dipole moment of 3.816 (3) D along the a-inertial axis and a still sizeable 1.235 (1) D along the b-inertial axis (Kraśnicki & Kisiel 2011) . As a consequence a-type transitions dominate the room temperature rotational spectrum up to about 0.75 THz. Internal rotation splitting of the CH 3 group or hyperfine structure splitting caused by the 14 N nucleus are only resolvable in selected transitions at low frequencies. Both types of splitting were not resolved here. Heavy atom substitution changes the spectroscopic parameters only slightly, and the changes in the dipole moment components are very small, such that they are usually neglected.
The initial predictions were obtained from scaling data calculated ab initio to values of known isotopic species. The rotational and quartic centrifugal distortion parameters of the doubly 13 C-substituted species were calculated with harmonic force field calculations at B3LYP/6-311G++(3df,2pd) level. The same type of calculations were done for the two mono substituted 13 CH 3 CH 2 CN and CH 3 13 CH 2 CN species, and the differences between the ab initio and experimental values from Richard et al. (2012) were calculated. The scaling values from 13 CH 3 CH 2 CN were added to 13 CH 3 CH 2 13 CN and 13 CH 3 13 CH 2 CN parameters, and the ones of CH 3 13 CH 2 CN to CH 3 13 CH 2 13 CN. This method permits to obtain first predictions better than 10 MHz in the lowest part of our frequency range. The a R-branch J = 18 − 17 pattern was easily recognised in the spectra around 150 GHz. The assignment procedure was the same for all three species: transitions obeying a-type selection rules were assigned up to 330 GHz first, then b R-and b Q-branch transitions from 150 to 330 GHz. After these first steps all quartic and sextic distortional parameters could be determined. Transitions from 400 to 990 GHz could be assigned subsequently. Transitions with high K a values were difficult to assign because these were frequently weaker than transitions pertaining to excited vibrational states and were often blended with these. As is usual for a molecule of this size, many lines remain unassigned because assignments of transitions in excited vibrational states were beyond the scope of the present investigation. Predictions of the spectra were carried out with SPCAT (Pickett 1991) , AS-FIT (Kisiel 2001) was employed for fitting. Even though both A and S reduction of the rotational Hamiltonian perform nearly equally well for ethyl cyanide (Richard et al. 2012) , we used the latter (in the I r representation) because the molecule is close to the symmetric prolate limit. The final line lists consist of ∼6800 transitions for the 1,2-substituted isotopomer and ∼5500 for the 1,3-and 2,3-substituted isotopomers. The number of different transition frequencies is smaller, ∼4600 and ∼3600, respectively, because asymmetry splitting was frequently not resolved, and in some cases accidentally overlapping lines were retained in the fit. The J values reach ∼115, and K a values extend to at least 20 for b-type transitions and to around 35 for a-type transitions.
We determined for each isotopomer a full set of up to eighthorder rotational parameters along with three diagonal decic parameters. They are presented in Table 1 together with values for the parent isotopologue from Brauer et al. (2009) . Predictions of the rotational spectra of the three isotopomers will be available in the catalog section 1 of the CDMS; the line, parameter, and fit files, along with additional auxiliary files, will be provided in the CDMS archive 2 . Supplementary text files S1.txt, S2.txt, S3.txt will be available at CDS. They contain the transitions used in the fit with experimental frequencies, accuracies and residuals from the fits. Table B .1 in the appendix provides guidance on these files.
Rotational partition function values of ethyl cyanide and its three isotopomers containing two 13 C atoms are provided at selected temperatures in Table 2 . The temperatures are the standard temperatures in the CDMS (Müller et al. 2001 (Müller et al. , 2005 and (N2), and under the assumption of LTE a considerable part of larger organic molecules is excited to vibrational levels higher than the ground vibrational state. At 150 K a vibrational state at an energy of 480 cm −1 (or 691 K) has a population of 0.01 with respect to = 0. The fundamental vibrations of ethyl cyanide have been well determined experimentally (Heise et al. 1981) , however, only a selection of overtone and combination levels are known. Therefore, we used the harmonic oscillator approximation, as is commonly done, to evaluate contributions of such states. Use of the anharmonic fundamentals accounts in part for the anharmonicity of the vibrations. The resulting vibrational correction factors to the rotational partition function of the main isotopologue are given in Table 3 . Isotopic differences are small and most likely within the errors of the harmonic oscillator approximation for such a heavy molecule as ethyl cyanide.
Detection toward Sgr B2(N2)
The LTE modelling of the ALMA spectrum of Sgr B2(N2) reveals the presence of the three doubly 13 C-substituted isotopologues of ethyl cyanide: about 8, 7, and 8 lines that do not suffer too much from blending with transitions of other species are clearly detected for CH 3 13 CH 2 13 CN (Fig. C.1 ), 13 CH 3 CH 2 13 CN (Fig. C. 2), and 13 CH 3 13 CH 2 CN (Fig. C.3) , respectively. The parameters of these detected lines are listed in Tables 4, 5 , and 6, respectively. These tables also contain a few additional lines that we have not counted as formally detected because their wings suffer a bit more from blending with emission from other species (line(s) around 106434 MHz for CH 3 13 CH 2 13 CN, 86938 MHz and 103906 MHz for 13 CH 3 CH 2 13 CN, and 85727 MHz and 109313 MHz for 13 CH 3 13 CH 2 CN). They are used in the population diagrams described below. Figure 1 shows the population diagrams of the three isotopologues that were constructed using most of the lines listed in Tables 4, 5 , and 6. The number of lines shown in the population diagrams does not exactly match the number of detected lines reported above for several reasons. First of all, some detected lines are blends of several transitions of the same molecule with different upper-level energies and thus cannot be plotted in a population diagram. Second, some lines plotted in the population diagrams are somewhat more contamined by other species than what we require to qualify them as detected. Still we show them in the population diagrams because we can account for this contamination thanks to our full LTE model that contains all species identified so far. Table 7 lists the results of the rotational temperature fits for the three doubly 13 C-substituted isotopologues, along with the results previously obtained for C 2 H 5 CN and the three singly 13 Csubstituted isotopologues . The uncertainties on the derived rotational temperatures of the doubly 13 Csubstituted isotopologues are large because of the small number of transitions and the narrow range spanned by their upperlevel energies. Their rotational temperatures are thus poorly constrained but they are consistent within 1-2σ with the value of 150 K that we adopted based on C 2 H 5 CN and the three singly 13 C-substituted isotopologues . Similarly there are too few uncontaminated lines with sufficiently high signal-to-noise ratios to derive the size of the emission accurately on the basis of the integrated intensity maps. Therefore we assume the same source size of 1.2 ′′ as for the more abundant isotopologues. The parameters of the best-fit LTE models are listed in Table 8 . Those for C 2 H 5 CN, the three singly 13 C-substituted isotopologues, and the 15 N isotopologue were already reported in Belloche et al. (2016) .
Uncertainties are not reported in Table 8 . Each isotopologue has several lines detected with a signal-to-noise ratio close to or above 10 if we consider the peak temperatures, or even 20-40 if we consider the integrated intensities. Therefore, the pure statistical uncertainty on the derived column densities is smaller than 10% if we assume that at least one of the detected lines is free of contamination at its peak or its contamination is well accounted for by our model (otherwise, the column density can only be viewed as an upper limit). Belloche et al. (2016) estimated a calibration uncertainty of 15% for the individual setups of the EMoCA survey. Since the detected lines are distributed among several setups, we do not expect the derived column densities to be biased by the calibration of a particular setup. Therefore the column density uncertainty resulting from the calibration uncertainty should be less than 15%. Taking both sources of uncertainty together (statistics and calibration), the uncertainty on the column density should not be larger than ∼15%. The rotational temperatures were assumed to be equal to those of the more abundant isotopologues . Provided this assumption is correct, the uncertainty on the rotational tem- (i) Integrated intensity of the observed spectrum in brightness temperature scale. The statistical standard deviation is given in parentheses in unit of the last digit. Values marked with a star are used in the population diagrams shown in Figs. 1c and d. (j) Integrated intensity of the synthetic spectrum of 13 CH 3 CH 2 13 CN. (k) Integrated intensity of the model that contains the contribution of all identified molecules, including 13 CH 3 CH 2 13 CN.
peratures does not have a significant impact on the relative abundance ratios which are discussed in Sect. 4.2. The same is true for the source size and linewidth.
Discussion
Laboratory spectroscopy
It can be seen in Table 1 that substitution of two of the three 12 C atoms in the main isotopologue of ethyl cyanide by 13 C causes only slight decreases in the rotational parameters A, B and C. It is therefore not surprising that the magnitudes of the centrifugal distortion parameters also change only slightly, in particular Article number, page 5 of 13 A&A proofs: manuscript no. aa28309aph Notes. (a) Vibrational states that were taken into account to fit the population diagram.
(b) The standard deviation of the fit is given in parentheses. As explained in Sect. 3 of Belloche et al. (2016) , these uncertainties should be viewed with caution. They may be underestimated.
(c) For these species, the analysis was performed in Belloche et al. (2016). those of lower order. It may surprise at first that some of the distortion parameters of the doubly 13 C-substituted isotopologues are actually larger than those of the main species. One should, however, keep in mind that one finds empirically that the distortion parameters scale approximately with appropriate powers of A − (B + C)/2, B + C and B − C. The line lists of the three doubly 13 C-substituted ethyl cyanide isotopologues differ somewhat, which easily explains changes in the uncertainties among these isotopologues.
Astronomical observations
The column densities reported in Table 8 imply a 12 C 12 C/ 12 C 13 C ratio of ∼32 and a 12 C 13 C/ 13 C 13 C ratio of ∼25 for ethyl cyanide in Sgr B2(N2). The 12 C 13 C/ 13 C 13 C ratio derived for ethyl cyanide is very similar to the 12 C 13 C/ 13 C 13 C ratio tentatively obtained for HC 3 N in the same source (∼24, see Belloche et al. 2016) and to the 12 C/ 13 C ratio derived for methanol and ethanol (∼25, see Müller et al. 2016) . However, the difference on the or- Belloche et al. 2016) . One line of a given species may mean a group of transitions of that species that are blended together.
(b) Total column density of the molecule. X (Y) means X × 10 Y . (c) Correction factor that was applied to the column density to account for the contribution of vibrationally excited states.
(d) Column density ratio, with N ref the column density of C 2 H 5 CN.
(e) For these species, the analysis was performed in Belloche et al. (2016). der of 25% between the 12 C 12 C/ 12 C 13 C and 12 C 13 C/ 13 C 13 C ratios of ethyl cyanide is a priori surprising. Given that the main isotopologue and the singly 13 C-substituted ones have a much larger number of detected lines than the doubly 13 C-substituted ones, the uncertainty on the column densities of the former should be much smaller than the upper limit of 15% estimated for the latter in Sect. 3.2. Therefore the difference between the two ratios seems to be significant. The two ratios would be reconciled with a value of 28.6 if the column densities of the singly 13 Csubstituted isotopologues were higher by a factor 1.12, which would correspond to a vertical increment of 0.11 in their population diagrams (see Figs. 7b, 8b , and 9b of Belloche et al. 2016) . Such an increment is not completely excluded, but it seems to be marginally consistent with the observed spectra, given the large L. Margulès et al.: Doubly 13 C-substituted ethyl cyanide in the laboratory and in Sgr B2(N2) Fig. 1 . a, b Population diagram of CH 3 13 CH 2 13 CN, = 0 toward Sgr B2(N2). Only the lines that are clearly detected and do not suffer too much from contamination from other species are displayed. The observed datapoints are shown in black while the synthetic populations are shown in red. No correction is applied in panel a. In panel b, the optical depth correction has been applied to both the observed and synthetic populations and the contamination from all other species included in the full model has been removed from the observed datapoints. The purple line is a linear fit to the observed populations (in linear-logarithmic space). The derived rotation temperature is given in Table 7 number of detected transitions and the fact that a few of them are already somewhat overestimated by the current model. The fact that the 12 C 12 C/ 12 C 13 C ratio is higher than the 12 C 13 C/ 13 C 13 C ratio cannot be due to an optical depth effect either because saturation of ethyl cyanide transitions, if not properly taken into account, would tend to decrease the apparent 12 C 12 C/ 12 C 13 C ratio compared to the 12 C 13 C/ 13 C 13 C ratio. Our analysis takes into account the line optical depth and we excluded the lines that are too opaque (τ < 2.5, see Fig. 6 of Belloche et al. 2016 ), so we believe that the 12 C 12 C/ 12 C 13 C ratio is not affected by an opacity bias. Another possibility is that the column density of the doubly 13 C-substituted isotopologues is overestimated by a factor ∼1.3. Given that the EMoCA spectrum is close to the confusion limit, this cannot be excluded as long as there are still unidentified lines in the survey.
Finally, we cannot exclude that our assumption of a uniform source structure and the use of the same source size for all isotopologues introduce systematic biases in the derived column densities. Figure 10 of Belloche et al. (2016) shows that the source size actually depends on the upper-level energy of the detected transitions of ethyl cyanide. A more elaborated model taking into account the temperature, density, and possibly abundance gradients in Sgr B2(N2) would be necessary to verify whether the difference between the 12 C 12 C/ 12 C 13 C and 12 C 13 C/ 13 C 13 C ratios obtained through our simple analysis is significant or not.
Conclusions
We have unambiguously detected the three isotopomers of ethyl cyanide with two 13 C atoms in the Sgr B2(N2) hot core. Ethyl cyanide is the second molecule after methyl cyanide for which isotopologues containing two 13 C atoms have been securely detected in the interstellar medium. The 12 C/ 13 C column density ratio between ethyl cyanide isotopomers with one 13 C atom and those with two 13 C atoms is ∼25, in good agreement with ratios reported for several other molecules in this source. The 12 C/ 13 C ratio between the main isotopologue and the ones with one 13 C atom is higher (∼32), but it is unclear at this stage whether this is a significant difference or a bias due to our simple assumptions about the physical structure of the source. The signal-to-noise ratios of the detected lines and the derived (rotational) temperature of 150 K suggest that vibrational satellites of the isotopologues with two 13 C atoms may be just too weak to be identified unambiguously in our current dataset. We expect, however, to be able to identify vibrational satellites of the isotopologues with one 13 C atom up to the three states with 13 + 21 = 2 at ∼600 K, possibly even those of 12 = 1 at ∼770 K. Vibrational satellites of the main species should be observable up to at least 19 = 1 at ∼1130 K. 
